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 Abstract 

To better understand SNS-Duf/Kirre mediated founder-fusion competent myoblast 

cell-cell recognition, we have addressed N-glycan requirements in SNS-Duf/Kirre 

mediated adhesion. Through site directed mutagenesis of N-glycosylation sites we 

have generated forms of SNS and Duf/Kirre lacking all N-glycans.  Analysis of these 

mutants in S2 cell aggregation assays demonstrate a specific requirement for N-

glycosylation of SNS in SNS-Duf/Kirre mediated aggregation, and for Duf/Kirre in 

Duf/Kirre-Duf/Kirre mediated aggregation.  Since rescue experiments using SNS N-

glycosylation mutants show only mild defects, it is apparent that, although the 

presence SNS is required for founder-fusion competent myoblast recognition, it is not 

the only molecule involved in proper execution of this process. 
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 1. Introduction 

1.1 Drosophila as a model system to study muscle development 

The skeletal muscles of Drosophila as well as that of higher organisms are 

composed of syncitial myotubes.  The syncitial nature of these myotubes is brought 

on by cell-cell fusion of individual myoblasts during embryonic stages of 

development.  Although there is a good understanding of the maintenance and repair 

of the adult musculature in higher organisms, comparatively little is known about the 

mechanisms and molecular players that bring about its initial formation.   Drosophila 

is a very simple system in its physiology as well as genetics, which has facilitated an 

understanding of the molecular events that bring about initial muscle formation 

(Abmayr and Kocherlakota, 2005).  Interestingly, a recent report using zebrafish to 

study muscle development in vertebrates have a requirement for a Duf/Kirre homolog 

for formation of the fast muscle population(Srinivas et al., 2007).  

 

1.2 Drosophila embryonic muscle development 

Muscle formation in drosophila is carried out by two separate populations of 

myoblasts, founder cells (FO’s) and fusion competent myoblasts (FCM’s).  Each 

founder cell contains all the information necessary to form a mature muscle fiber.  In 

order to achieve its final size a founder cell recruits fusion competent myoblasts to 

adhere, and fuse with it.  After fusion with a founder cell, the FCM takes on the 

specific identity of the originating founder cell.  Successive rounds of recruitment, 

adhesion, and fusion lead to the acquisition of the final size of the mature myotube.  
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Cell-cell recognition plays a key role in this process, and indeed several cell adhesion 

molecules are involved in the recognition of founder cell and fusion competent 

myoblasts (Abmayr and Kocherlakota, 2005; Bour et al., 2000; Ruiz-Gomez et al., 

2000; Strunkelnberg et al., 2001).   

 The Immunoglobulin Superfamily members (IgSF) Sticks and Stones (SNS), 

Dumbfounded/Kin-of-Irre-C (Duf/Kirre), Irregular Chiasmate-C/Roughest (Irre-

C/Rst), and Hibris (Hbs) are all present on myoblasts during muscle development, 

and each have a unique spatial expression pattern in the developing musculature.  

SNS and Hbs are restricted to FC’s and Duf/Kirre to FO’s, whereas Irre-C is 

expressed on all myoblasts, (Fig 1A).  It is known that Duf/Kirre and IrreC/Rst have 

redundant function (Ruiz-Gomez et al., 2000; Strunkelnberg et al., 2001).  

Additionally, null mutations of sns show a complete lack of muscle formation that is 

very similar to the phenotype for the deletion of duf/kirre & irre-c/rst, (Fig. 1A), 

(Ruiz-Gomez et al., 2000; Strunkelnberg et al., 2001)).   There is no muscle defect 

observed for null mutations of hbs, but wild type embryos over-expressing Hbs in the 

mesoderm show minor defects, such as missing muscles and unfused myoblasts 

(Artero et al., 2001; Dworak et al., 2001).  Taking the differential expression pattern 

and mutant phenotypes into account, it is evident that SNS and Duf/Kirre play a key 

role in muscle development.   

 Previous work has demonstrated that SNS and Duf/Kirre can direct aggregates 

when expressed in different populations of S2 cells, and that in an as yet unknown in 

vivo role, Duf/Kirre can also direct aggregates with other Duf/Kirre expressing cells  

 2



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

snsZf1.4/snsZf1.4  

WT 
B
  

 

C Df(1)w67k30 
D

Fusi
IrreC/R

D

Figure 1
SNS 
on Competent Cell

Founder Cell 
IrreC/Rst

Hibrisst 

uf/Kirre

3



Figure 1. Mutant phenotypes of Drosophila musculature and Schematic of IgSF 
member distribution on myoblast populations 
 
A.  Wild type early stage 16 Drosophila embryo stained immunohistochemically with 

anti-myosin heavy chain antibody, (Abmayr lab, unpublished). 
B, C.   Mutant phenotypes for snszf1.4 null mutants, or for a deficiency which removes 

duf/kirre and irre-c/rst.  Early stage 16 Drosophila embryos stained 
immunohistochemically with anti-myosin heavy chain antibody (Kiranmai 
Kochelakota, unpublished, see also Bour et al 2000, Ruiz-Gomez et al, 2000, and 
Strunkelnberg et al, 2001).  Note the, the lack of mature muscles, quantity of 
unfused myoblasts, and similarity of phenotype between the snszf1.4 null mutant 
and duf/kirre, irre-c/rst deficiency. 

D.  Schematic showing the distribution of SNS, Duf/Kirre, Hbs, and IrreC/Rst 
proteins on founder and fusion competent myoblast populations.  Note that 
IrreC/Rst is expressed on both founder and fusion competent myoblasts, whereas 
Duf/Kirre is expressed only on founder cells. 
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(Dworak et al., 2001; Galletta et al., 2004).  Several questions about the interaction of 

these molecules remain unanswered, for instance, the interaction of SNS and 

Duf/Kirre is regulated, and how simple interaction fits in to the larger, more complex 

interactions during muscle formation.  Also it is interesting to speculate if there may 

an in vivo regulatory mechanism controlling Duf/Kirre-Duf/Kirre versus Duf/Kirre-

SNS interaction.  There is growing evidence showing the involvement of N-linked 

glycans in cell-cell adhesion, and it was therefore our interest to determine if this 

modification plays a role Duf/Kirre mediated cell adhesion (Angata and Brinkman-

Van der Linden, 2002; Varki and Angata, 2006).   

 

1.3 The N-linked glycosylation pathway 

Many, if not all, proteins expressed on the cell surface undergo N-linked 

glycosylation.  The addition of N-linked glycans occurs concomitant with translation, 

and these structures are sequentially modified as the protein is trafficked through the 

endoplasmic reticulum (ER) and Golgi (Fig. 2).  Initially the sugar composition of all 

N-linked glycoconjugates is structurally uniform, but as the protein matures this 

uniformity is lost through extensive N-glycan structural diversification, resulting in 

variation of the sugar composition and branches in the N-glycan structures within a 

given protein, among proteins of a given cell type, and among cell types, tissues, and 

species (Helenius and Aebi, 2001).  Since a protein exists with these specific 

modifications throughout its lifetime, it follows that N-glycans have the potential to 

regulate or mediate interactions with every molecule a protein may ever encounter.    
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Figure 2.  N-linked glycosylation pathway 

The N-linked glycosylation pathway begins with the synthesis of a lipid linked glycan 
precursor prior to addition to the nascent, unfolded protein.  N-glycan addition occurs 
concomitant with translation and is performed by oligosaccharide transferase, a 
member of the translocon complex, as soon as N-glycan modification sites become 
available during translocation of the translated protein to the lumen of the ER.  The 
N-glycan core structure then aids in proper protein folding, by enhancing interaction 
of the immature protein with the chaperones Calnexin and Calreticulin.  Once 
properly folded, N-glycan structures are modified in such a way to facilitate transport 
to the Golgi.  Glycan diversity is imparted in the Golgi, initially by variation in 
branching pattern, and finally by the type of terminal sugars added to the N-glycan 
structures.  The N-acetylglucosyltransferases (GlcNacT’s) responsible for the most 
common types of N-glycan branching are listed.  The enzyme for one of the most 
common terminal sugar modification is listed as well, ST6Gal (sialyltransferse).  
Figure adapted from Helenius & Aebi, 2001. 
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The N-glycosylation pathway begins with the formation of dolichol-

pyrophospate, a lipid-linked oligosaccharide precursor which resides on the lumenal 

membrane leaflet of the ER.  Immediately after the nascent protein crosses the ER the 

lipid-linked precursor is added en masse to N-glycosylation sequins, defined by the 

amino acid sequence Asn-X-Ser/Thr, on the emerging protein (Chavan and Lennarz, 

2006).  It is estimated that 90% of all potential N-glycosylation sequons are modified 

(Helenius and Aebi, 2001).  As N-glycan structures become available they aid in 

proper protein folding through facilitating interaction with Calnexin and Calreticulin 

(Hebert et al., 2005; Helenius and Aebi, 2001).  It is at this point that the N-glycan  

structure acts as an interface for inputs from several ER-resident protein quality 

control mechanisms, in which it acts to enhance proper folding as well as to function 

as a timer, regulating the total time a glycoprotein may be allowed to assume its 

properly folded state (Hebert et al., 2005; Helenius and Aebi, 2001, 2004).  If the 

glycoprotein is not properly folded within a certain period of time it is then degraded 

(Helenius and Aebi, 2004; Zhang et al., 1997).  Once properly folded, the 

glycoprotein is transported to the Golgi structure in a process, again, aided by its N-

glycan structures.  It is clear that N-linked glycans have potential to aid in the correct 

folding and trafficking of glycoproteins, however, the importance of N-linked glycans 

for proper protein folding and trafficking often depends on the specific protein, and 

cell type (Hebert et al., 2005; Helenius and Aebi, 2001).   

 It is therefore necessary to consider these early effects when perturbing the 

normal N-glycosylation of proteins.  Once in the Golgi, the N-glycan precursor 
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undergoes further trimming before sugars are added back to the core glycan structure.  

It is at this stage that N-glycans achieve their great structural diversity, and where the 

regulation of protein contacts through N-glycan structure is imparted.   Sugar 

additions in the Golgi are carried out by glycosyltransferases that reside in specific 

areas of the organelle structure.  As the protein moves through the Golgi, it 

encounters different glycosyltransferases that perform successive additions to the 

maturing N-glycan structure.  For instance, Mgat1 and Mgat2 the glycosyltransferases 

that catalyze the first additions of sugars back to the core glycan structure reside in 

the cis-Golgi, and sialyltransferases, which catalyze one type of final addition to the 

glycan structure, reside in the trans-Golgi.  In addition, different cell types may 

contain different complements of glycosyltransferases and, therefore, molecules on 

their surface may possess specific glycan signatures (Helenius and Aebi, 2001; Van 

den Niewenhof et al., 2001).  Since N-glycans are known to be involved in cell-cell 

interactions (Angata and Brinkman-Van der Linden, 2002; Nitschke et al., 1999; 

Schachner and Bartsch, 2000; Schadee-Estermans et al., 2000), it follows then, that 

certain interactions of a protein can be regulated by the presence or absence of key 

sugars in an N-glycan structure (Powell and Varki, 1994; Sgroi et al., 1996; Sgroi et 

al., 1993).  It has long been speculated whether Drosophila has an N-glycosylation 

pathway as complex as that found in higher organisms, but recent characterization of 

a sialyltransferase, in addition to other glycosyltransferases, in Drosophila suggests 

that this species is likely to have many of the same intricate N-glycan structures found 

in higher vertebrates (Koles et al., 2004). 
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1.4 N-glycosylation in cell-cell adhesion and cell signaling 

There is growing evidence that, although pervasive, N-linked glycosylation plays 

important roles in facilitation and/or regulation of potential contacts for cell adhesion 

molecules.  Since all of the cell adhesion molecules known to be involved in FC-

FCM interaction belong to the IgSF it is interesting that there is a class of lectins, 

molecules that have affinity for specific N-glycan structures, termed  I-type lectins 

whose members also belong to the IgSF (Angata and Brinkman-Van der Linden, 

2002; Angata and Varki, 2000; Nitschke et al., 1999; Rudd et al., 1999; Schachner 

and Bartsch, 2000; Schadee-Estermans et al., 2000; Sgroi et al., 1993).  The classic 

example of I-type lectins is the Siglecs, which have specificity for sialic acids present 

on the termini of N-linked glycan structures.  The founding members, and the most 

extensively studied, of this class of lectins are CD22, CD 33, Sialoadhesin (Siglec-1) 

and Myelin Associated Glycoprotein (MAG), of which CD22, Sialoadhesin, and 

MAG have verified roles in signal transduction and cell-cell adhesion (Nitschke et al., 

1999; Schachner et al., 2000; Schadee-Estermans et al., 2000). Work by Hanasaki and 

colleagues has shown that sialylation of CD22 and Siglec-1 eliminates its interaction 

with ligand, demonstrating a mechanism for self-regulation as well as binding 

interaction partners (Hanasaki et al., 1995).  Furthermore, work by Sgroi and 

colleagues, has shown that loss of a single N-linked glycosylation site on CD 22 

eliminates its ability to bind its ligand, whereas loss of a similar site on CD33 

enhances its binding (Sgroi et al., 1996).  As mentioned earlier, different cell types 
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possess unique complements of glycosyltransferases, which then influences the 

glycan signature of proteins expressed from a given cell type.  This cell type diversity 

of glycan structure allows for tissue specific regulation of cell surface protein 

behavior.  For example, a study by van den Niewenhof and colleagues has shown that 

myeloid derived SIRP-α contains galactose in its N-glycans whereas neuronally 

derived SIRP-α does not (Van den Niewenhof et al., 2001).  This differential 

galactosylation is the result of low galactosyltransferase activity in the brain, and the 

effect is a difference in cell type binding specificity for these two isoforms of SIRP-α.  

In addition to protein-glycan interactions, N-glycan structures are also known to 

influence protein conformation and thereby affect function, a process that has been 

characterized in Intercellular Adhesion Molecules (ICAM’s) (Rudd et al., 1999).  

Furthermore, there is evidence for dependence on N-glycan structures for the binding 

of Neph1 with Nephrin, the human orthologs of SNS and Duf/Kirre (Gerke et al., 

2003).  Taken together, the work above demonstrates the potential for regulation of 

cell adhesion molecules through modulation of the sugar composition of their own N-

linked glycans, or their interacting partners. 
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2. Materials and Methods 

2.1 Drosophila stocks 

sns[Zf1.4], P{w[+mC]=UAS-SNS[V5]/CyO, P{ry[+t7.2]=en1}wg[en11] 
sns[Zf1.4], P{w[+mC]=UAS-SNS[V5Ngly-1line2]/CyO, P{ry[+t7.2]=en1}wg[en11] 
sns[zf1.4, P{w[+mC]=UAS-SNS[V5Ngly-2]}#4/ CyO, P{ry[+t7.2]=en1}wg[en11] 
sns[Zf1.4], P{w[+mC]=UAS-SNS[V5Ngly4line2]} line 2/ CyO, P{ry[+t7.2]=en1}wg[en11] 
sns[zf1.4], P{w[+mC]=UAS=SNS[V5Ngly-6]}#2/ CyO, P{ry[+t7.2]=en1}wg[en11] 
P{w[+mC]=UAS-SNS[V5]}/CyO 
P{w[+mC]=UAS-SNS[V5Ngly1]}/CyO 
P{w[+mC]=UAS-SNS[V5Ngly-2]}/CyO 
P{w[+mC]=UAS-SNS[V5Ngly-4]}/CyO 
P{w[+mC]=UAS=SNS[V5Ngly-6]}/CyO 
P{w[+mC]=UAS-Duf/Kirre[HA]}/CyO 
P{w[+mC]=UAS-Duf/Kirre[HA-Ngly1]}/CyO 
P{w[+mC]=rP298-GAL4} 
P{w[+mC]=Dmef2-GAL4} 
sns[XB3]/CyO, P{ry[+t7.2]=en1}wg[en11] ; P{w[+mC]=Dmef2-Gal4} 
 
Note:  all stocks used are in a y[1]w[1118] genetic background. 
 
2.2 Generation of SNS & Duf/Kirre mutants 

The HA-tagged pRmHa3_duf construct was generated as described previously 

(Galletta et al., 2004).  For the V5 or HA tagged pUAST_sns construct, sequences 

encoding the V5 or HA epitope were introduced at the 3’ end of the coding sequence 

with an artificial sequence engineered in after the tag, containing a stop codon and an 

XbaI restriction site.  The V5 tagged form of sns in pRmHa3 was then generated by 

replacing the c-terminus of an existing wild type pRmHa3_sns construct (Galletta et 

al., 2004) with the V5 or HA tagged C-terminus from pUAST.  The SNS or Duf/Kirre 

N-glycosylation mutants were generated by site directed mutagenesis or with the 

Gene Editor kit (Promega) using the oligos listed below.  Reverse primers are simply 

the complement to the forward primers listed.  The wild type sequence in pRmHa3 
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and pUAST was then replaced with mutant sequences.  Note that all constructs made 

for Duf/Kirre are simply referred to as Duf to simplify nomenclature. 

SNS N645Q-  
aaatcaccattctggccaac 
SNS N764Q-  
cttcagatcactgtcgttgtgg 
SNSN979Q-
tgcaggtcacccacgacacagtcactt 
SNSN738Q- 
gcggcagcctgcagttcacacggctgc 
SNSN912Q- 
acctgcccatccagcgcacgtacaaa 
SNSN425Q- 
aggtgcgccaggccacctcaaagacga  
SNSN146Q-  
atctcgcaggcctccatcaacga  
SNSN325Q-  
tggtacaagcagggatcccagat 
SNSN825Q- 
acgaccttcgcgcagggcacctctta 
SNSN443Q- 
acgaccacctcgcagatcaccgccgtcgtg 
SNSN546Q-  

ccattctggcccaggtgtcggacaac  
SNSN707Q-  
aaactcgggcccagcccactccagtga  
SNSN853Q-  
aatcgtgtggaccagccaactaacc 
SNSN625,626Q- 
atcgaaggcattcagcagacgtccaagccg 
DufN36Q- 
tcgaagaagcagaagtccagc 
DufN126Q-  
cagcatcgccagttgagcggc 
DufN263Q-  
gaaggagcatcaccagacaacg 
DufN349Q-  
attcaccaggtttcgagg 
DufN507Q-  
attatccagatgagcagcgcc 
DufN545Q-  
ggcaaataccagtgtacag

 
2.3 S2 cell transfection 

SNS-V5, SNS-HA and Duf-HA constructs in pRmHa3 or pUAST were used 

for expression in S2 cells as indicated.  In all experiments cells were transiently 

transfected by the calcium phosphate method described previously (Cherbas et al., 

1994), using 30ug of DNA per 1x107 cells.  Expression was induced through 

incubation with 0.7mM CuSO4, unless otherwise indicated, for pRmHa3 or co-

transfection with pWGal4 plasmid (Drosophila Genome Resource Center, 

Bloomington, IN) using 30ug per 1x107 cells for induction of constructs in pUAST. 
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2.4 S2 cell aggregation  

 Aggregations were carried out as described previously (Beiber, 1994; Galletta 

et al., 2004), with the following modifications.  At the time of mixing cells were 

induced with 0.7mM CuSO4.  For heterotypic aggregations SNS-V5 transfected cells 

were mixed with Duf/Kirre transfected cells at a 1:1 ratio (1.25x106 cells per mL, 2 

mL volume), for homotypic aggregations cells were simply induced in a 2mL volume 

at 1.25x106 cells per mL.  Cells were agitated at 110 rpm for 24 hrs, RT, sampling at 

2, 4, 8, & 24 hrs after induction.  At the time of sampling cells were concentrated 5X 

and attached to poly-L-lysine coated multitest slides (ICN Biomedicals, Aurora, OH) 

for 2hr.  For reduced expression assays, SNS-V5 constructs were expressed using a 

bicistronic form of pRmHa3 which separately expressed GFP under control of an 

actin promoter for ease of detection of SNS-V5 N-glycosylation mutants, from here 

on this vector will be referred to as pRmHa3ActGFP.  GFP coding sequence was 

amplified by PCR from the pUC18act-GFP vector (Drosophila Genome Resource 

Center, Bloomington, IN) using the following oligos- acatttccccgaaaagtgcc (forward) 

& gacgtcgcttccggctcgtatgttgt (reverse) the resulting PCR product was cloned into a 

TA vector, digested with AatII and inserted to the pRmHa3 vectors already 

containing SNS-V5 constructs.  To achieve lowered levels of SNS-V5 expression a 

reduced amount of plasmid was used to transfect cells (10ug per 1.0x107  cells), and 

cells were induced at decreased amounts of CuSO4, (0.05mM) and sampled at 24hrs 

only.  To verify reduced levels of expression, parallel inductions were carried out that 

 14



mimicked the induction conditions for the aggregations.  These cells were then 

sampled at 24 hours, used in immunofluorescent staining to verify the percentage of 

cells expressing SNS, and for lysate preparation for use in western analysis for 

determination of SNS expression levels.   For aggregations involving co-transfection 

of two SNS constructs, referred to as ‘co-transfection aggregations’ plasmids 

containing the desired SNS constructs were mixed at amounts, for each construct, that 

were equal to those which would have been used for single transfections.  Note that 

the pRmHa3ActGFP vector was used for expression of the fully glycosylated SNS 

control, in all induction conditions, but specifically for ease of detection of SNS at 

reduced levels.  In these experiments SNS-Flag expressing cells were detected with 

rabbit anti-Flag, anti-Rabbit Alexa 488 & anti-GFP Alexa 488, Duf/Kirre expressing 

cells with rat anti-HA, anti-Rat Alexa 546, and SNS-V5 Ngly6 expressing cells with 

mouse anti-V5, anti-Mouse Alexa 660. 

 

2.5 Immunofluorescent staining 

 For immunofluorescent staining of S2 cells, cells were fixed for 15 minutes in 

a 1:3 mixture of Schnieder’s media (Sigma):PBS, containing 4% formaldehyde 

(Ultrapure, Polysciences).  Cells were washed 2X with PBS, permeablized for 5 

minutes in 0.1% Trition X-100, PBS, and washed 1X with 0.05% Tween-20, PBS.  

Samples were then blocked (1h; RT; 5% BSA, PBS), probed with anti-V5 

(Invitrogen, 1:1000), anti-SNS MiD (Galletta et al., 2004; 1:500), or anti-GFP 

Alexa488 (Invitrogen, 1:250) for SNS constructs, and anti-HA (Roche, 1:1000) or 
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anti-Nkirre antibody for Duf/Kirre.  All primary incubations were carried out at room 

temperature for 1 hour in 1% BSA, PBS.  Samples were washed 2X with 0.05% 

Tween20-PBS, probed with the appropriate Alexa fluor conjugated secondaries 

(Invitrogen, 1:250; 1hr, RT, 1% BSA, 0.05% Tween20-PBS), washed 3X with PBS, 

mounted with antifade agent (20mg/mL propylgallate, 90% glycerol), and visualized 

using a Zeiss Axioplan in ApoTome mode, or a Zeiss LSM 510 confocal microscope 

for reduced expression assays. 

 

2.6 Lysate preparation & Western analysis 

Embryo lysates were prepared as described previously (Balagopalan et al., 

2006).  S2 cell lysates were prepared in drosophila lysis buffer (300mM NaCl, 80mM 

Tris-HCl pH 7.5, 1mM EDTA, 1.0% Trition X-100, 2mM PMSF, 2ug.mL leupeptin, 

2ug/mL pepstatin) and centrifuged at 20,000 x g, 10 min, 4 deg.  Approximately 40ug 

of total protein, for S2 cell or embryo lysates, was separated by SDS-PAGE and 

transferred to PVDF membrane.  Blots were, blocked in 5%nonfat dried milk, 0.1% 

Tween 20, PBS.  Note that all antibody incubations after this were performed in 

block, and probed for SNS protein with anti-V5 HRP conjugated antibody 

(Invitrogen) at a dilution of 1:5000, for Duf/Kirre protein with anti-HA HRP (Roche) 

conjugate at a 1:5000, for Tubulin with anti-Tubulin mAb (Sigma) at a 1:20,000 

followed by anti-Mouse HRP (Amersham) 1:5000, blots were developed with ECL 

plus reagents (Amersham) and visualized on a Typhoon 7100 (Amersham).   
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2.7 Western Blot Stripping 

 Western blots were stripped in 0.1M beta-mercapto ethanol, 2% SDS, 

62.5mM Tris-HCl pH6.8 for 45 min with rotation at 60 degres.   Upon completion, 

blots were washed 5X in 0.1%PBS and immunostaining procedure was re-initiated at 

the blocking stage. 

 

2.8 Membrane preparation 

For the determination of membrane localization, 50-100mg of dechorionated 

embryos, aged 9-15hrs and expressing the indicated sns or duf/kirre transgenes under 

the control of the indicated GAL4 drivers, or for S2 cells, approximately 5.4x107 cells 

transiently expressing the SNS construct of interest were subjected to the membrane 

preparation as described previously, (Hortsch, 1994). 

 

2.9 Immunoprecipitation and PNGaseF digestion 

Immunoprecipitation of proteins from embryos was performed by mixing 20-

50mg total protein, of cleared embryo lysate with approximately 30uL settled volume 

of anti-V5 resin (Invitrogen) or anti-HA resin (Roche).  Immunoprecipitated sample 

was removed from beads in batch (6X, 30uL, 30min, room temp) in elution buffer 

(300mM NaCl, 80mM Tris-HCl pH 7.5, 0.1% Triton X-100, 2mM PMSF, 2ug/mL 

leupeptin, 2ug/mL pepstatin) containing a 2X V5 or 2XHA peptide at 2mg/mL.  

Eluates were cleared of excess beads on micro biospin columns (BioRad), and 
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digested with PNGaseF (Calbiochem).  Digestion was carried out essentially as 

described in the manufacturer’s protocol with the modifications outlined previously, 

(Hanford et al., 2004). 

 

2.10 Immunohistochemistry 

Embryos were collected on agar-apple juice plates, aged as indicated, fixed 

and stained as described previously (Balagopalan et al., 2006) with anti-Myosin 

heavy chain (Kiehart, D. unpublished ).  Primary antibody was diluted to 1:1000 and 

subsequent detection was carried out using the Vecta Elite staining kit (Vecta labs) 

according to the manufacturer’s instructions.  Non-mutant embryos, balanced by Cyo 

wg-lacZ, were detected colorimetrically by an assay for β-galactosidase activity 

(Klambt et al., 1991). 
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3.  Results 

3.1 SNS and Duf/Kirre are glycosylated in S2 cells and embryos 

 We first analyzed modifications of SNS, Duf/Kirre, Hbs, and IrreC/Rst in S2 

cells by inhibiting formation of the N-glycan precursor, dolichol-pyrophospate, with 

tunicamycin.  After 24hrs of induction, cleared lysate was prepared from cells 

transiently expressing C-terminally HA tagged forms of these proteins, and separated 

on a 5 percent acrylamide SDS-PAGE gel.  Samples induced in the presence of 

tunicamycin migrate faster than the corresponding samples induced in the absence of 

tunicamycin, showing all four of these cell adhesion molecules have N-linked glycans 

when expressed in S2 cells (Fig3 A).   

 We then specifically focused our analysis on SNS and Duf/Kirre N-linked 

glycosylation in the embryonic musculature because SNS and Duf/Kirre are key 

players in FO-FC cell-cell recognition.  In this instance a C-terminally V5 tagged 

form of SNS was used. The SNS-V5 and Duf-HA forms were expressed either pan-

mesodermally with the Mef2Gal4 driver or, in founder cells with the RP298Gal4 

driver.  Lysate was prepared form embryos aged to 9-15 hrs after egg laying (AEL) 

and, SNS-V5 or Duf-HA was immunoprecipitated with anti-V5 or anti-HA beads, 

respectively.  PNGaseF digestion of the immunoprecipitated samples shows that, as 

in S2 cells, both are glycosylated when expressed in the embryonic musculature (Fig3 

B). 
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Figure 3.  SNS and Duf/Kirre N-linked glycosylation 

A.     Transient expression in S2 cells, under the control of a copper inducible 
promoter, of the C-terminally tagged proteins SNS-HA, Duf-HA, Hbs-HA, or 
IrreC-HA with or without tunicamycin (40ug/mL).  After 24hr. induction, 
cleared lysate was separated on a 5% acrylamide SDS-PAGE CBS scientific gel 
apparatus (12cm running distance, 1.5mm thickness), samples were 
electrophoresed for ~8hrs at 15mA, subsequently transferred to PVDF 
membrane, and probed with anti-HA  HRP antibody.  Note that there is an 
approximate 13kDa size shift for SNS-HA, a ~7kDa shift for Duf-HA, a 
~17kDa shift for Hbs-HA, and a ~13.6kDa shift for IrreC-HA.  

B.     PNGaseF digestion of immunoprecipitated SNS-V5, expressed either pan-
mesodermally with Mef2Gal4, or Duf-HA, expressed in founder cells with 
RP298Gal4.  Embryos were collected after 6 hours of laying at 25 deg, and aged 
to 9-15 AEL at 18 degrees, at which time cleared lysate was prepared and 
protein immunoprecipitated with beads specific to respective tags.  Protein was 
eluted from beads and subjected to PNGaseF digestion, complete digestion was 
typically observed within 30 minutes incubation at 37deg.  SNS-V5 samples 
were separated on 1.5mm 5% acrylamide minigels (BioRad protean 3) for ~4-
5hrs at 15mA, Duf samples were separated on NuPage 2-8% Tris-Acetate 
gradient gels (Invitrogen) for ~3hrs at 100V.  Gels were western blotted as 
described in A. 

 
 
 
 
 
 
 
 
 
 
 

 

 21



3.2 N-glycosylation is necessary for SNS-Duf/Kirre mediated aggregation of S2 

cells 

 In order to study the effect of N-linked glycosylation on SNS-Duf/Kirre 

mediated cell adhesion, we adapted a cell aggregation assay described previously 

(Beiber, 1994; Galletta et al., 2004).  S2 cell populations transiently expressing SNS-

V5 or Duf-HA were mixed at a 1:1 ratio, and induced as normal or in the presence of 

tunicamycin.  Cells were sampled at the indicated timepoints, fixed, and 

immunofluorescently stained for SNS-V5 and Duf-HA.  The level of aggregation is 

expressed by ‘percent free SNS cells’, which is the number of SNS-V5 expressing 

cells not in contact with Duf-HA expressing cells divided by the total number of 

SNS-V5 expressing cells.  Representative images from 24 hr. timepoints of these 

aggregations are shown in Figure 4A, B.  Note the lack of cell clusters from 

aggregations performed in the presence of tunicamycin.  As shown by the plots of 

these aggregations in Figure 4C, less than 20% of SNS-V5 cells are absent from 

aggregates at 24 hours under normal conditions.  In contrast, when the same assay is 

done in the presence of tunicamycin nearly 85% of SNS-V5 cells are absent from 

aggregates after 24hrs of mixing. 
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Figure 4.  N-glycan dependence in SNS-Duf/Kirre mediated cell adhesion 

A.  Representative images of immunofluorescent staining of 24hr. timepoints of 
aggregations +/- tunicamycin.  SNS-V5 was detected with anti-V5 antibody 
(1:1000), followed by anti-Mouse Alexa 488, Duf-HA was detected with anti-
Nkirre Ab (1:1000), followed by anti-Guinea Pig Alexa 546. 

B.  SNS-V5 aggregation with Duf-HA was calculated from collected 
immunofluorescence images by counting total SNS-V5 positive cells and SNS-V5 
positive cells not in contact with Duf-HA positive cells.  The ratio of free SNS-V5 
cells to total SNS-V5 cells, or percent free SNS-V5, was used to express the level 
of SNS-V5 aggregation with Duf-HA expressing cells.  It is important to note that 
if SNS-V5 cells are increasing their associations with Duf-HA expressing cells 
that the value for percent free SNS-V5 will decrease. Averaged results of three 
separate experiments for aggregation of SNS-V5 with Duf-HA expressing cells 
+/- tunicamycin are shown.   
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3.3 Generation of SNS and Duf/Kirre N-glycosylation mutants 

 Since SNS and Duf/Kirre both possess N-linked glycans, the assay used above 

does not reveal whether there is a specific requirement for N-glycosylation on either 

SNS, or Duf/Kirre.  To address this question, we created N-glycosylation deficient 

forms of SNS and Duf/Kirre through site directed mutagenesis of predicted N- 

glycosylation sites, in which we changed the arginine receptor site to a glutamine.  

Figure 5 shows the constructs created, and the corresponding mutated N-

glycosylation sites; note that a mutated site is indicated by the absence of a triangle in 

the mutant diagram (compare with SNS-V5 or Duf-HA).  In addition N-glycosylation 

sites are color coded to show the strength of prediction by the NetNgly1.0 server.  Six 

mutant forms of SNS-V5 are used in our analysis, most notably SNS-V5 Ngly6, 

which mutates all 15 predicted N-glycosylation sites (Fig. 5A). Other mutants were 

made in which either the five most N-terminal N-glycosylation sites were mutated, 

designated SNS-V5 Ngly2, or the opposite of this, where only membrane proximal 

sites were mutated, designated SNS-V5 Ngly4.  Two other mutants, SNS-V5 Ngly1 

and SNS-V5 Ngly3, were constructed with the intent of mutating only those sites 

which had a high probability to be glycosylated.  The choice of these sites was 

influenced by the NetNgly1.0 predictions as well as peptide coverage from a lab wide 

Mass Spectrometry analysis of SNS.  Only those predicted sites that had no coverage 

after multiple Mass Spectrometry analyses, a potential indication of N-linked 

glycosylation, and a high strength of prediction by the NetNgly1.0 prediction were 

chosen to be mutated.  Finally, a sixth mutant was constructed which retains only the 
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two most N-terminal N-glycosylation sites.  For the speed of construction and ease of 

analysis, only one mutant was made for Duf-HA in which all 6 predicted N-linked 

glycosylation sites were altered (Fig. 5B).  

3.4 N-linked glycosylation is not necessary for cell membrane localization 

of SNS or Duf/Kirre  

 In order to rule out any effects of N-linked glycosylation that fall outside the 

scope of this analysis, we set out to determine if elimination of N-linked 

glycosylation for SNS or Duf/Kirre has an effect on their normal membrane 

localization.  Figure 6A1-3 shows analysis of SNS-V5 in S2 cells under normal 

induction conditions, induction in the presence of tunicamycin, SNS-V5 at lowered 

induction levels, and for the mutant, SNS-V5 Ngly6.   To determine the cellular 

distribution of SNS under the conditions specified, western blots of cellular fractions 

from membrane preparations were first probed for SNS-V5, stripped and then probed 

for Tubulin (Fig. 6A2).   

 Results show no change in membrane distribution for the full-length forms of 

SNS-V5 lacking N-linked glycans, relative to that of SNS-V5. The specificity of this 

procedure for the plasma membrane was verified by probing western blots of cellular 

fractions with anti-KDEL, a peptide antibody specific for the ER retention sequence 

of several chaperones.  Blots were stripped and then probed with anti-tubulin (Fig. 

6A3).  It is clear that ER specific proteins are segregating with the cytoplasm and, 

therefore that the ER membrane is not contaminating the pellet, or cell membrane 

fraction.   In addition, the short form of SNS found to migrate at ~52-55kDa  
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Figure 5.  SNS and Duf/Kirre mutant constructs 

 
      Schematic depictions of SNS-V5 & Duf-HA with their corresponding mutants, 

showing the domain architecture prediction (SMART, EMBL, Heidelberg) 
overlayed with predicted N-glycosylation sites (NetNgly 1.0 server, CBS, DTU), 
represented by colored triangles, with their amino acid location shown below.  
Predicted N-glycosylation sites are color coded for strength of prediction: Red= 
+++, Orange= ++, Green= +, Blue= -, and Black= >-, as assigned by NetNgly1.0, 
Red being the strongest prediction, and black the lowest.  Note that, 1) all forms 
of SNS contain a C-terminal V5 tag, and all forms of Duf/Kirre contain a C-
terminal HA tag,, 2) mutant forms were created by site directed mutagenesis, 
changing the predicted arginine receptor site to a glutamine, & 3) mutation of an 
N-linked glycosylation site is indicated by loss of the corresponding triangle in 
the mutant diagram.   

A.  Four key mutants for SNS were used in this analysis. The SNS Ngly6 constructs 
has all 15 predicted N-glycosylation sites mutated.  The SNS-V5 Ngly2 construct 
has mutations in the first five N-terminal predicted sites and  SNS-V5 Ngly4 has 
mutations in predicted sites in the membrane proximal half of the SNS ECD.  
Sites mutated in SNS-V5 Ngly1 were selected based on strength of prediction and 
peptide coverage in Mass Spectrometry analysis- see Results.  Two other mutants 
were constructed SNS-V5 Ngly5 which retains only two N-terminal N-
glycosylation sites, and SNS-V5 Ngly6, in which additional sites were chosen for 
mutation in a manner similar to that for N-gly1.   

B.  For ease of construction and implementation, only one mutant was created for 
Duf/Kirre in which arginines of all predicted N-glycosylation sites were changed 
to glutamines. 
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Figure 6.  N-glycan dependence of SNS & Duf/Kirre membrane localization 

A. Membrane preparations of S2 cells transiently expressing SNS-V5 Ngly6 or SNS-
V5 under normal conditions, in the presence of tunicamycin, or at reduced 
expression levels.  Cleared cell lysates were run on a NuPage 4-12% gradient gel, 
part 1, for determination of relative protein amounts found in cell lysates prior to 
membrane fractionation.  Membrane preparations were separated on a NuPage 4-
12% gradient gel, transferred to PVDF membrane and probed with antiV5-HRP 
for SNS, part2.  The blot was then stripped and probed for tubulin to demonstrate 
segregation of the cytoplasm to the supernatant.  To verify that this procedure was 
specific for the plasma membrane only, a second western blot, from separation of 
membrane preparations on a 12% acrylamide gel, was probed with anti-KDEL, a 
peptide antibody specific for the ER retention sequence of resident chaperones, 
part 3.  The blot was then stripped and probed for tubulin to demonstrate the 
segregation of the ER compartment to the supernatant.   

B. Membrane preparation of S2 cells transiently expressing Duf-HA or Duf-HA 
Ngly1.  Cell fractionations were separated on a 7.5% acrylamide SDS-PAGE gel, 
and transferred to PVDF membrane.  The membrane was then cut in half, the 
portion containing Duf-HA was probed with anti-HA HRP and the other portion 
was probed for tubulin. 

C. Immunofluorescent images for S2 cells transiently expressing SNS-V5 or Duf-
HA in the presence or absence of tunicamycin (40ug/mL); or SNS-V5 Ngly6 or 
Duf-HA Ngly1.  All Duf expressing cells were probed with anti-Nkirre Ab 
(1:1000) and all SNS expressing cells were probed with anti-SNS MiD Ab 
(1:500). 

D,E.  Membrane preparations from embryos, aged 9-15hrs AEL, expressing SNS-V5, 
SNS-V5 Ngly6, Duf-HA, or Duf-HA Ngly1 in the developing musculature.  SNS 
constructs were expressed pan-mesodermally using the Mef2-Gal4 driver, and 
Duf-HA constructs were expressed in founder cells using the RP298-Gal4 driver.  
SNS preparations were separated on 7.5% acrylamide gels and probed with 
antiV5 HRP using the technique outlined in B.  Duf-HA preparations were 
separated on 4-12% NuPage gradient gels and probed with anti HA-HRP by the 
technique described in A.  Note, D2 is a representative image of a western 
analysis for a separate membrane preparation from embryos probing with anti-
Tubulin and anti-KDEL.  The image is included simply to demonstrate that the 
ER segregates with the supernatant in membrane preparations from embryos. 
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segregates to the pellet fraction in all conditions.  Furthermore, the band intensities of 

all forms of SNS under all conditions correlate well with those for western blots of 

whole cell lysate from the same inductions (Fig. 6A1).  Figure 6B shows analysis of 

membrane preparations for S2 cells expressing Duf-HA or Duf-HA Ngly1.  Although 

the expression level of Duf-HA Ngly1 is greatly reduced from Duf-HA, there is no 

change in the relative membrane distribution for Duf-HA Ngly1 compared to that of 

Duf-HA.  We next determined the cellular distribution of SNS-V5 Ngly6 and Duf-

HA Ngly1 mutants in the Drosophila musculature (Fig. 6C,D).  Protein expression 

and aging were carried out as described in Methods.  Again we see no change in the 

membrane distribution for mutant forms of SNS or Duf/Kirre relative to their fully 

glycosylated counterparts. 

 

3.5 Duf/Kirre N-glycosylation is required for aggregation with other Duf/Kirre 
expressing S2 cells 
 
 In contrast to SNS, Duf/Kirre expressing cells in the S2 cell aggregation assay 

system can also interact with themselves (Dworak et al., 2001; Galletta et al., 2004).  

Because of this we set out to determine if the Duf/Kirre mutant affects this modality 

of its interaction, in addition to its interaction with SNS expressing cells.  

Interestingly, there is no association observed for cell aggregations of Duf/Kirre 

mutants with other Duf/Kirre mutants - or- for Duf/Kirre mutants with fully 

glycosylated Duf/Kirre (Fig. 7A).  There is no change in percent free cells over the 24 

hour timecourse, with greater than 80% free Duf-HA expressing cells remaining at 
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the 24hr timepoint.  Duf-HA cells in aggregations with other cells expressing Duf-HA 

show less than 40% free Duf-HA cells by 24hrs, demonstrating possible a  

requirement for Duf/Kirre N-glycosylation in aggregations with other Duf/Kirre 

expressing cells. 

 

3.6 Duf/Kirre N-glycosylation is not required for aggregation with SNS 

expressing S2 cells 

 As demonstrated by the graph in Figure 7B, the Duf/Kirre mutant lacking all 

N-glycosylation sites has no effect on formation of aggregates with SNS-V5 

expressing cells.  We next analyzed the effect of the Duf-HA Ngly1 mutant on its 

molecular weight and relative expression level.   Figure 7C shows that removal of all 

six predicted N-glycosylation sites completely eliminates N-linked glycosylation, 

since the same protein induced in the presence of tunicamycin has the same migration 

distance.  We next analyzed the relative expression level of this mutant, and it is 

evident that its expression level is reduced from that of Duf-HA (Fig. 7D). Since this 

mutant form of Duf/Kirre shows no change from Duf-HA in aggregation with SNS-

V5, it is not apparent that its expression level is detrimental to its function. 
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Figure 7.  Specific N-glycan requirements for Duf/Kirre in SNS-Duf/Kirre & 
Duf/Kirre-Duf/Kirre mediated adhesion 
 
A.  Aggregation of S2 cells, as described in methods, using Duf-HA or Duf-HA 

Ngly1 to test association with cells expressing SNS-V5.  
B.  Aggregations of S2 cells transiently expressing Duf-HA or Duf-HA Ngly1 were 

used in the following combinations to test Duf/Kirre N-glycosylation 
requirements for homotypic binding: Duf-HA – Duf-HA, Duf-HA Ngly1 - Duf-
HA Ngly1, & Duf-HA – Duf-HA Ngly1.   

C.  To determine the relative molecular weight of Duf-HA Ngly1, cleared lysates 
from S2 cells transiently expressing Duf-HA or Duf-HA Ngly1 in the presence or 
absence of tunicamycin  were separated on a 1.5 mm gel x 16cm, 5% acrylamide 
gel at 10mA for ~14-16 hrs, transferred to PVDF membrane and probed with anti-
HA HRP antibody.  Note that if Duf-HA Ngly1 has in fact removed all N-
glycosylation sites there should be no change in migration distance for this 
construct induced in the presence of tunicamycin. 

D.  To determine relative expression level of Duf-HA Ngly1, cleared lysates form S2 
cells transiently expressing Duf-HA or Duf-HA Ngly1 were prepared after 24 
hours induction.  Lysates were then separated on a 7.5% acrylamide minigel 
(protean3, BioRad), and transferred to PVDF membrane.  The blot was then cut in 
half, the portion containing Duf-HA/Kirre samples was probed with anti-HA 
HRP, and the other was probed for tubulin. 
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3.7 SNS N-glycosylation is required for aggregation with Duf expressing S2 cells 

 Focusing on the 24 hour timepoints in Figure 8A, it is apparent that SNS-V5 

Ngly6, which mutates all predicted N-glycosylation sites, shows very little 

association with Duf-HA expressing cells.  Notably, aggregations with this SNS 

mutant have a high correlation to that of aggregations of SNS-V5 with Duf-HA 

performed in the presence of tunicamycin.  In contrast, aggregations with SNS-V5 

Ngly1 show no change in the ability of this mutant to associate with Duf-HA 

expressing cells when compared to SNS-V5 - Duf-HA aggregatoins.  SNS-V5 Ngly2 

and SNS-V5 Ngly4 mutants have a similar, intermediate effect on aggregation with 

Duf-HA expressing cells. Aggregation data for SNS-V5 Ngly3 and SNS-V5 Ngly5 

were not included in the graph so as to retain clarity of the graph and highlight the 

most useful mutant constructs.  It should be noted however that aggregations for 

SNS-V5 Ngly3 have an intermediate effect which correlates highly to that seen for 

SNS-V5 Ngly2 and SNS-V5 Ngly4.  And that, aggregations for SNS-V5 Ngly5 are 

very similar to those with SNS-V5 and Duf-HA in the presence of tunicamycin, yet it 

does not correlate as well as SNS-V5 Ngly6.    

 As above, we then analyzed two aspects of the expressed proteins- relative 

molecular weight and relative expression level, using SNS-V5 as reference.  To 

address the effect on molecular weight, the SNS mutant constructs, and a fully 

glycosylated SNS control, were transiently expressed with and without tunicamycin 

in S2 cells, and cleared lysates were prepared after 24hrs induction.  Figure 8B shows 

relative molecular weight of the four SNS mutants used.   As expected, we observe 
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the same migration distance for SNS-V5 Ngly6 prepared from inductions with or 

without tunicamycin, showing that this construct eliminates all N-linked 

glycosylation of SNS.  The three other mutant forms of SNS show intermediate 

effects on relative molecular weight of SNS.  It is interesting, however,  

that SNS-V5 Ngly 1, which has no effect on aggregation, does in fact have a 

substantial effect on the level of N-linked glycosylation for SNS.   

 Effects on relative protein expression level were addressed, again, by transient 

expression of SNS constructs in S2 cells taking cleared lysate at 24hrs.  Lysates were 

probed with anti-V5 for SNS, and anti Tubulin for loading control (Fig. 8C).  From 

this analysis it is evident that, in addition to relative molecular weight, removal of 

SNS N-linked glycosylation has a secondary effect on its expression level.  The 

reduction in expression level is generally proportional to removal of N-glycosylation 

sites, again with the greatest effect for SNS-V5 Ngly6 which has a normalized 

expression level of about 15% of SNS-V5.   

 

3.8 Low expression levels of SNS cannot account for inability of SNS mutants to 

aggregate with Duf/Kirre expression S2 cells 

To determine if the loss of N-glycosylation in SNS mutant constructs is in fact 

causing the effect we see in aggregation, and not expression level, we performed  

aggregations in which the expression level of SNS-V5 was specifically reduced to 

levels intermediary to SNS-V5 Ngly4 and SNS-V5 Ngly6 (Fig. 9).   
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Figure 8.  Specific N-glycan requirement for SNS in SNS-Duf/Kirre mediated 
adhesion 
A. S2 cells transiently expressing mutant forms of SNS in aggregations with Duf-HA 

expressing cells as described in Methods.  Note high correlation of SNS-V5 
Ngly6-Duf-HA aggregation with that of SNS-V5 - Duf-HA in the presence of 
tunicamycin (40ug/mL).   

B. To determine the relative molecular weight of SNS mutant constructs, cleared 
lysates from S2 cells transiently expressing SNS-V5 or mutant forms of SNS in 
the presence or absence of tunicamycin were loaded to a 1.5mm x 16cm, 5% 
acrylamide gel, and separated at 10mA for ~20hrs.  Gels were transferred to 
PVDF membrane and probed for SNS protein using antiV5 HRP antibody..   

C. To determine the expression level of SNS mutants, cleared lysates were prepared 
from S2 cells transiently expressing SNS-V5 or SNS N-glycosylation mutants 
after 24hrs of incubation .  After 24hrs induction cleared lysate was separated on a 
7.5% acrylamide SDS-PAGE gel, transferred to PVDF membrane, the blot was 
then cut in half, and the portion containing SNS protein was probed with anti-V5 
Ab and the other was probed with anti-Tubulin Ab.  The blot was visualized on a 
Typhoon scanner (Amersham) and band intensities were quantitated using 
Amersham Image Quant TL software. 
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Reduction in SNS-V5 expression levels was achieved by a reduction in plasmid 

amount used for transfection, as well as a reduction in the amount of copper used for 

induction.  The reduction in expression was specific to SNS-V5 since Duf-HA 

expression was achieved by co-transfecting cells with the Duf-HA construct in a 

pUAST vector and a plasmid constitutively expressing Gal4 for induction of the Duf-

HA construct.  Furthermore, detection of SNS at reduced levels was ensured by using 

a modified bicistronic form of the pRmHa3 vector, engineered to constitutively 

express GFP. SNS-Duf/Kirre association was monitored after 24hrs of aggregation.  

Averaged results of three independent aggregations are shown in Figure 9A.  The 

table shown in Figure 9B summarizes the quantitation of western analyses used to 

verify that specific reduction in SNS-V5 expression levels was less than or equal to 

SNS-V5 Ngly4, a representative western blot used in these quantitations is shown in 

Figure 9C.  Key values are ‘percent Ngly6’ which is the ratio of normalized western 

blot band intensities to that SNS-V5 Ngly6, and ‘percent expr.’ which is the 

percentage of cells expressing SNS constructs in each induction.  In these ‘reduced 

expression aggregations’, we see a high correlation of SNS-V5 at low expression 

levels with that of SNS-V5 at standard/high expression levels and, in contrast we see 

no correlation with SNS-V5 Ngly4.  It is then clear that the range of expression levels 

observed for the mutant forms of SNS have no effect on function in this assay.    
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Figure 9.  Expression level requirements for SNS in SNS-Duf/Kirre mediated cell 
adhesion. 
 
A.  Aggregation assay for S2 cells transiently expressing Duf-HA under transcriptional 

control of ActinGal4 with separate populations of S2 cells transiently expressing one of 
the following proteins:  SNS-V5, SNS-V5 Ngly4, or SNS-V5 Ngly6, all of which were 
under control of a copper inducible promoter.  Aggregations were performed in which 
SNS-V5 and SNS mutants were induced at normal (30ug DNA/1.0x107 cells 
transfected, 0.7mM CuSo4 induction) concentrations of copper or where SNS-V5 was 
specifically reduced (10ug DNA/1.0x107 cells transfected, 0.05mM CuSo4 induction), 
see Methods.  Samples were taken at 24 hrs and monitored for aggregation.  Note the 
correlation of aggregations for SNS-V5 induced at normal and reduced levels, and lack 
of correlation with aggregations for SNS-V5 Ngly4 or SNS-V5 Ngly6.  

B.  Table showing the relative band intensity of all forms of SNS, for all experiments.  
Tubulin intensities for all samples were normalized to the tubulin signal for SNS-V5 
Ngly6, corrected band intensities for all forms of SNS were then calculated using these 
tubulin values, and relative expression level is shown as a percentage of SNS-V5 Ngly6 
intensity.  For each aggregation a separate, parallel induction was used to determine the 
relative expression level of the SNS mutants and SNS-V5, at normal and reduced 
expression levels.  All cells from a given transfection, irrespective of whether they were 
to be used for aggregation or induction controls were prepared for induction from the 
same pool to ensure that induction conditions were mimicked as best as possible 
between control and aggregation.  Lysate preparation, western detection, and 
quantitation of relative band intensity were performed as described previously (Fig. 
7C).  In addition, the percent expressing cells in each transfection was calculated 
through immunofluorescent staining of samples from each of the control inductions, the 
value is expressed as ’percent Expr’. This was used in conjunction with the relative 
band intensity in order estimate expression level on a per cell basis.    

C.   Representative western blot used in determination of relative expression levels of SNS 
constructs. 
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3.9 The ~55kDa form of SNS does not inhibit SNS aggregation with Duf/Kirre 

expressing S2 cells 

 From observation of western blots of cleared lysates from S2 cells expressing 

SNS-V5 and SNS-V5 Ngly6 it is apparent that there is a ‘short form’ of SNS, and that 

the ratio of this short form to full length SNS is increased in lysates from cells 

expressing SNS-V5 Ngly6 (Fig. 6A1).   As expected, this form segregates to the 

membrane, given that the relative molecular weight predicts this form of SNS should 

extend just N-terminally to the fibronectin domain through the c-terminus.  It is not 

apparent if this short form is simply a consequence of the expression conditions, or if  

it has any natural functional significance.  However, it is clear that it is a potential 

explanation for the lack of aggregation observed for SNS-V5 Ngly6 with Duf-HA 

expressing cells.  That is, since it is inserted in the cell membrane, its levels are 

increased relative to full length SNS in N-glycosylation mutant, and because it lacks 

nearly all of the SNS extracellular domain, there is potential that it could be acting in 

a dominant negative manner to inhibit SNS association with Duf-HA expressing cells.  

 To address this concern we adapted the control aggregation assay described 

above.  Specifically, SNS-V5 Ngly6 expressed under Gal4 control, was co-

transfected with SNS-Flag expressed from the bi-cistronic pRmHa3 GFP reporter 

vector at normal and reduced expression levels.  Singly transfected cells and 

cotransfected cells were tested for aggregation ability with cells expressing Duf-HA 

under Gal4 control, see Methods for detail of this experimental setup.  If the increased 

amount of short form present in SNS-V5 Ngly6 expression has a negative effect, then 
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SNS aggregation with Duf-HA expressing cells should be limited when co-expressed 

with SNS-Flag.  As shown in Figure 10A, there is no difference in aggregation for 

cells singly transfected with SNS-Flag or cells co-transfected with SNS-Flag and 

SNS-V5 Ngly6 at normal, or reduced expression levels for SNS-Flag.  Western 

analyses of parallel control inductions for each experimental repeat probing for SNS-

V5 and SNS-Flag are shown in Figure 10B & C, respectively.  The percentage cells 

expressing each of the SNS  

constructs, under all conditions for each experimental repeat is shown in Figure 10D.   

It is important to note that although there is a seemingly lower amount of SNS-V5 

Ngly6 in the last two repeats for the SNS-Flag/SNS-V5 Ngly6 reduced expression 

condition, this is likely explained by the low percentage of expressing cells, not a 

reduced cellular expression level of SNS-V5 Ngly6 (Fig. 10D).   Also, there was 

initial difficulty in detecting SNS-Flag at reduced expression levels in cell lysates for 

the first experimental repeat.  However, SNS-Flag protein had to be present in the 

cells, since they formed aggregates.  To compensate for this, in the next two repeats 

SNS-Flag was immunoprecipitated from control inductions using an excess of anti-

Flag M2 beads (Sigma) from 300ug of cleared cell lysates.  Immunoprecipitated 

samples were then western blotted and probed with anti-Flag rabbit polyclonal 

antibody.  The signal is still weak but it is apparent that SNS-Flag is present at all  

reduced expression conditions.  Taken together these data show no indication for a 

negative impact of the SNS short form on aggregation of SNS-V5 Ngly6 with Duf-

HA expressing cells. 
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Figure 10.  The short form of SNS observed at ~55kDa has no effect on 
aggregation of SNS with Duf/Kirre 
 
A. Aggregation of S2 cells as described in Methods under ‘cotransfection 

aggregation’.  Briefly S2 cells cotransfected with SNS-V5 Ngly6 and SNS-Flag, 
where SNS-V5 was expressed at normal (30ug DNA/1.0x107 cells transfected, 
0.7mM CuSo4 induction) and reduced levels (10ug DNA/1.0x107 cells 
transfected, 0.05mM CuSo4 induction), were used in aggregations with Duf-HA 
expressing cells as a way to test if increase in the level of the 55kDa form seen 
in SNS-V5 Ngly6 lysates is inhibiting association of this mutant with Duf-HA 
(Fig. 5A).  Note that the reduction in SNS-Flag expression levels was specific to 
this construct since all other constructs used in these experiments are expressed 
under Gal4 control. 

B,C.     Parallel control inductions as described previously (Fig 8B), for verification of 
expression of SNS-V5 Ngly6.  Note that lanes are identified by the transfection 
condition, and blots are labeled with the antibody used in the immunostaining.  
Samples in B and C1 were separated in 4-12% NuPage gradient gels, transferred 
to PVDF and probed with antibody as indicated.  Samples in C2 were 
immunoprecipitated using an excess of anti-Flag beads (Sigma) from 300ug of 
cleared cell lysate and separated on a 7.5% acrylamide mingel (BioRad protean 
II) 

D.   Charts showing transfection efficiency of all constructs under all conditions for 
each experiment, samples were taken from parallel control inductions as 
described previously (Fig. 8B). 
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3.10 N-glycosylation requirements for SNS in muscle development 

We made use of the Gal4 expression system, described previously (Brand and 

Perrimon, 1993), to test the ability of SNS lacking N-glycans to rescue the sns null 

phenotype in the developing musculature.  To facilitate collection and analysis we 

focused our observations on four of the six SNS N-glycosylation mutants, SNS-V5 

Ngly1, SNS-V5 Ngly2, SNS-V5 Ngly4, and SNS-V5 Ngly6.  Our highest interest 

was directed toward SNS-V5 Ngly1 and SNS-V5 Ngly6, since these had the smallest 

and greatest effects in aggregation experiments, respectively.  A slightly lesser 

priority was assigned to SNS-V5 Ngly2 and SNS-V5Ngly4 constructs, which were 

chosen for the reciprocal nature in which they delete N-glycosylation sites in SNS.   

Note that the combination of the sites mutated in SNS-V5 Ngly2 and SNS-V4 Ngly4 

constructs covers all of the predicted SNS N-glycosylation sites. We used the 

Mef2Gal4 driver, which will express the Gal4 activator pan-mesodermally, to activate 

expression of the indicated transgenes for rescue of the sns zf1.4 mutant.  Since the 

SNS-V5 Ngly1 mutant has no effect on aggregation with Duf-HA expressing cells in 

culture, we would expect this protein to retain wild type function in the musculature.  

And as expected, rescue with the SNS-V5 Ngly1 construct under control of the Mef2 

Gal4 driver completely recapitulates the wild type muscle pattern (Fig. 11A).  

Similarly rescue with SNS-V5 Ngly2 did not show any defects.  Next we wished to 

see if SNS-V5 Ngly6 can rescue the sns null phenotype.  In this instance we do in fact 

see defects, characterized by gaps or holes in the dorsal musculature, often filled with 

unfused myoblasts (see arrows) and, to a lesser extent we see improperly formed 

 46



lateral transverse muscles (see arrowheads).   Yet, despite these defects there is still a 

significant amount of muscle formation in rescue with SNS-V5 Ngly6, compared to 

that of the sns null (Fig. 1B).  This is unexpected given that in the cell culture model 

elimination of SNS N-linked glycosylation blocks association with Duf-HA 

expressing cells.  Additionally to determine defects observed in the SNS-V5 Ngly6 

rescue are not due to a dominant effect of the transgene, we expressed the SNS-V5 

Ngly6 construct, in addition to SNS-V5, SNS-V5 Ngly2, and SNS-V5 Ngly4 in a 

wild type background with, driving expression with Mef2Gal4.  Figure 11B, shows 

that there is no effect for overexpression of either SNS-V5 Ngly1 or SNS-V5 Ngly6 

in wild type muscle, compare mutants with SNS-V5 control.  Please be aware that 

rescues which exhibit mutant phenotypes are only reported here if they were tested 

with recombinants of two separate transgenes, this was done for SNS-V5 Ngly6.  It 

should be noted that rescue experiments were carried out with one recombinant for 

SNS-V5 Ngly4, which showed considerably less muscle formation than SNS-V5 

Ngly6, however this has not been tested with a second recombinant transgene at this 

point.  Therefore images of this rescue are not included.  There was no dominant 

negative activity for the sns-v5 Ngly4 transgene. 
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Figure 11.  Rescue of sns mutant embryos with SNS N-glycosylation mutants 

A.  sns N-glycosylation mutant transgenes recombined with the sns null allele, 
snszf1.4, were crossed to flies containing the sns null allele, snsXB3, which was 
recombined with Mef2Gal4, see methods for genotypes.  Note that in the rescue 
the sns mutant is a trans heterozygous null.  Embryos were collected for six hours, 
and aged to 12-18hrs AEL  Once fixed, sns null embryos were identified from 
heterozygous and homozygous balancer embryos by a colorimetric staining assay 
for β-galactosidase (21).  Null embryos were then stained with mouse anti-myosin 
heavy chain antibody (Kiehart, D., unpublished).  Embryos images are stage 
matched such that all shown are stage 15-16 of development.   Only minor defects 
are observed in SNS-V5 Ngly6 rescue, characterized by holes in the dorsal 
musculature containing unfused myoblasts, and improperly formed lateral 
transverse muscles.  Note, the bar in each image indicates 20um. 

B.  To be sure that any of the indicated transgene do not have a dominant effect, flies 
homozygous for sns transgenes were mated to flies homozygous for the 
Mef2Gal4 transgene.  Embryos were collected and stained for myosin, and stage 
matched as above.  No perturbations of the musculature are observed.  sns-v5 
Ngly1 transgenes were not tested for dominant negative activity.  Note technical 
assistance was provided by Christina Pucci for the staining and visualization of 
SNS Ngly overexpression experiments.  Note, the bar in each image indicates 
20um. 
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4.  Discussion 

4.1  SNS & Duf/Kirre N-linked glycosylation 

We have demonstrated that all IgSF members known to be involved in 

Drosophila muscle development possess N-linked glycans when expressed in the S2 

cell culture system.  In addition we have shown that these observations from S2 cells 

hold true in the developing musculature in the case of SNS and Duf/Kirre.  

Furthermore it is clear, for SNS and Duf/Kirre, that there is no requirement for N-

glycans in their proper cell membrane localization in either S2 cells or the Drosophila 

embryonic mesoderm.  Since N-linked glycosylation has many roles in the life of a 

protein, we have also used this observation as a general indicator for the folding state 

of SNS or Duf/Kirre.  If N-glycosylation were absolutely required for proper protein 

folding of SNS and Duf/Kirre, it isn’t likely that these mutants would be trafficked to 

the cell membrane in an improperly folded state, rather they would likely be targeted 

for degradation in the ER (Helenius and Aebi, 2004; Zhang et al., 1997).  It is more 

likely that a secondary chaperone enables the correct folding of these proteins such 

BiP, or others (Helenius and Aebi, 2001; Zhang et al., 1997).   Again, since the cell 

membrane distribution of SNS and Duf/Kirre mutants completely lacking any N-

linked glycosylation is unchanged from that of fully glycosylated forms, in both S2 

cells and the embryonic musculature, we conclude that each are in a properly folded 

conformation. 
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4.2  N-linked glycosylation in SNS-Duf/Kirre mediated aggregation of S2 cells 

Our observations show a specific requirement for N-linked glycosylation of 

SNS in SNS-Duf/Kirre mediated aggregation. We have controlled for any known 

secondary affects that have arisen from the lack of N-glycans on SNS and found no 

explanation from these occurrences that would suggest they are producing the 

observed effect.  Specifically, we have addressed the reduction in expression level of 

full length protein, and the increase in relative amount of short form protein for the 

SNS-V5 Ngly6 mutant.  We find that neither observation can explain the inability of 

SNS-V5 Ngly6 to form aggregates with Duf-HA expressing cells.   Membrane 

localization and proper folding of SNS mutants has been discussed above.  We 

therefore conclude that there is a direct requirement for N-linked glycans on SNS in 

SNS-Duf/Kirre mediated cell adhesion, exerted at the level of cell-cell interaction.  

This could be through either, protein-glycan interaction of Duf/Kirre with N-glycans 

on SNS, or through influencing proper conformation of SNS for interaction with 

Duf/Kirre. 

 

4.3 N-linked glycosylation in Duf/Kirre mediated aggregation of S2 cells 

Interestingly, our results show that Duf-HA Ngly1 cannot interact with other 

Duf-HA or Duf-HA Ngly1 expressing cells.  In contrast, this same mutant shows no 

aggregation with SNS-V5.  Since Duf-HA Ngly1 retains the ability to direct 

aggregates with SNS-V5 expressing cells, it is not apparent that the secondary effects 
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observed for this mutant, such as reduction in expression level, have an effect on its 

function.  However, it is important to note that Duf/Kirre homotypic interactions are 

somewhat weaker than SNS-Duf/Kirre interactions, and because of this the 

Duf/Kirre-Duf/Kirre binding modality may be more susceptible to the expression 

level for Duf/Kirre constructs.   

It is intriguing to postulate that N-glycosylation of Duf/Kirre may play a 

regulatory role in homotypic aggregation with itself versus heterotypic aggregation 

with SNS.  The ability of Duf/Kirre to interact homotypically in cell culture is well 

known, however there is no known role for Duf/Kirre homotypic interaction in 

muscle development.  Since Duf/Kirre is expressed in many different tissue types, 

including the nervous system (Ruiz-Gomez et al., 2000), there is indeed potential for 

Duf/Kirre homotypic interactions in vivo, regardless of whether this occurs in the 

musculature.  Thus, it is possible that tissue specific regulation of Duf/Kirre mediated 

cell-cell interactions could be exerted through modification of its N-glycan 

composition.  Any such explanation would have to address the apparent differential 

requirement of Duf/Kirre N-glycans for homotypic versus heterotypic aggregation, 

which may be a primary effect of Duf/Kirre N-linked glycosylation or a secondary 

effect brought about by the extreme reduction in Duf/Kirre expression level.  A 

plausible explanation may be that Duf/Kirre has a carbohydrate binding capability, 

which enables it to bind its different interaction partners.  However, several 

observations need to be reconciled for this to hold true.  The first of these being, that 

Duf/Kirre mutants lacking N-linked glycans do not interact with other such mutants 
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or fully glycosylated Duf/Kirre.  The second observation being that Duf/Kirre 

expression level is extremely reduced for mutants where N-glycosylation is 

eliminated, and the third that SNS-Duf/Kirre interaction is completely unaffected 

with these same mutants.  It is possible that Duf/Kirre-Duf/Kirre interaction is more 

susceptible to Duf/Kirre expression level, since aggregation assays suggest that it is a 

weaker interaction than that between SNS and Duf/Kirre.  But, it would be very 

difficult to reduce levels of fully glycosylated Duf/Kirre comparable to that of 

Duf/Kirre mutants lacking N-linked glycans, with the purpose of performing 

aggregation controls as were done for SNS.  An easier way to get around the problem 

of Duf/Kirre expression level, in order to address N-glycosylation requirements in 

Duf/Kirre-Duf/Kirre interaction, may be to perturb the carbohydrate composition of 

the N-glycans on Duf/Kirre.  As mentioned earlier, the Siglecs are a well-

characterized sub-group of I-type lectins that have a specific affinity for sialic acid on 

their interacting partners.  It would be much easier to perturb sialylation, or other 

carbohydrate modifications, of Duf/Kirre or SNS N-glycan structures, and observe 

the ability of wild type Duf/Kirre to interact with these treated proteins. 

Unfortunately, there is no evidence to date substantiating assignment of 

proteins in Drosophila to the I-type lectin superfamily.  Phylogenetic studies carried 

out in 2000 of the Drosophila genome have not uncovered any genes that bear 

hallmark sequence homologies to the Siglecs, which are well characterized in higher 

organisms (Angata and Brinkman-Van der Linden, 2002; Angata and Varki, 2000). 

However, there are indications that there may be IgSF members with some type of 
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lectin capability, such as the characterization of a Drosophila sialyltransferase, which 

suggests that this important component of N-linked glycans is present (Koles et al., 

2004).  Additionally, it is known that I-type lectins are at least present in zebrafish 

(Lehmann et al., 2004), which was also recently shown to have a conserved function 

for Duf/Kirre in muscle development (Srinivas et al., 2007).  Furthermore, NCAM 

whose Drosophila homolog is Fas-II, was included in a review surveying I-type 

lectins (Angata and Brinkman-Van der Linden, 2002).  

Therefore, to better understand the requirement of N-linked glycans for 

Duf/Kirre interaction with its binding partners, future experiments are needed to 

address whether or not Duf/Kirre has a specificity for N-glycans on its interaction 

partners, with a specific focus on sialic acid binding affinity, and what effect loss of 

N-glycosylation has on Duf/Kirre function in vivo. 

 

4.4 in vivo requirements for SNS N-glycosylation  

Our results show that the mutant form of SNS lacking all N-glycosylation 

does not retain complete wild type function, although considerable function does still 

remain.  We do see consistent defects in the dorsal and lateral transverse muscles, 

however, the observed defects do not resemble the severity of a sns null phenotype 

(Fig. 11B).  It is important to note that this particular method of SNS expression for 

rescue has proven to be very robust, either due to high expression level of the Gal4 

protein from the Mef2 promoter, thereby giving high levels of expressed transgene, or 

because the timing for activation of SNS by Gal4 expressed from this promoter is 
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well suited to recapitulate normal timing SNS expression, or both (Abmayr lab, 

unpublished).  Also, this driver will induce SNS expression in muscle cell types 

where it is not normally found (Bour et al., 2000; Bour et al., 1995).  This indicates 

that, perhaps more tempered induction and restricted expression pattern of SNS may 

be more sensitive for elucidating the shortcomings of these mutants.  The result, 

however, remains both perplexing yet intriguing, since in the simplified cell 

aggregation system we have shown that the SNS mutant lacking all N-glycosylation 

cannot interact with Duf/Kirre expressed on the surface S2 cells.  Moreover, we have 

shown that this effect is not a secondary consequence of reduced expression level, 

protein folding, or other side effects due to lack of N-glycans.  It is very likely that 

interactions between founder and fusion competent myoblasts are more complex than 

the cell culture system we have employed.  For instance, it is possible that Hbs may 

have some as yet, uncharacterized role in Drosophila muscle formation such that it 

can compensate for the functions that SNS-V5 Ngly6 is lacking in these rescues.  

Evidence supporting this is, high sequence homology between the SNS and Hbs 

extracellular domains, and that Duf/Kirre and Hbs can form aggregates of S2 cells in 

the same way that Duf/Kirre can form aggregates with SNS, (Dworak et al., 2001), 

and finally that a chimeric protein consisting of the Hbs extracellular domain and the 

SNS cytoplasmic domain shows considerable rescue of sns null mutants (Abmayr lab, 

unpublished). 

Additionally, it is possible that Irre-C is providing some sort of compensatory 

mechanism.  We know that Irre-C is expressed on both populations of myoblasts, and 
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that it can direct aggregates with itself and SNS in culture (Dworak et al., 2001; 

Galletta et al., 2004; Strunkelnberg et al., 2001).  Furthermore, we know that both 

Hbs and Irre-C are glycosylated in S2 cells and, therefore a similar N-glycan 

mediated mechanism may control their interaction with Duf/Kirre or SNS.  Future 

experiments are directed, primarily at observation of SNS-V5 Ngly6 function in an 

sns, hbs double mutant background because of the similarities in expression pattern in 

the developing musculature, sequence homology, rescue capability of chimeric 

proteins, and Hbs behavior in S2 cell aggregation.   
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